The powerfull General Purpose Technology (GPT)-concept of the late 1990s is a culmination of evolutionairy views in innovation-thinking. The scholarly contributions focussing on the (macro)-economical aspects being numerous, the technological aspects of the GPT-concept seem underdevelopped. Richard Lipesy observed that, although the effects of GPTs were investigated extensively, they missed contributions to the GPT's micro-foundations. This paper uses the Schumpeterian concept of 'swarms of innovations' and the concept of basic innovation, to create insight in the technological micro-foundation of a GPT. Three case studies are presented: 'The invention of the Steam Engine', 'The invention of the Electromotive Engine' and 'The invention of Electric Light'. For the GPT-Steam and the GPT-Electricity we found that it is the 'General Purpose Engine' that makes the GPT showings its charcateristics of persaviness, improvement and spawning.
Introduction
Especially in the last decades of the twentieth century many scholarly attention has been paid to technological 'innovation'. From many disciplines using different perspectives, many views, theories and models have sprouted from the domain of Innovation Research. Among those the paradigm of the General Purpose Technologies (GPT). The GPT-concept tries to explain the major changes that took place in societies and economies where a dominant technology results in creating considerable novelty and is having a major impact on society and its economy.
Looking at two decades of scholarly contributions in the School of Thought on General Purpose
Technologies, one can observe that mainly economists described the characteristics of a GPT. Some looked for a link between the economic incentives for developing specific technologies and the process of economic growth (Bresnahan & Trajtenberg, 1995) , others looked at the GPT's relation with economic growth in general (Helpman, 1998) and surges in productivity (David & Wright, 1999) .
In specific cases some looked at the relation between economic growth and steam technology (Crafts, 2004; Rosenberg & Trajtenberg, 2001) , or looked at electric technology to find out if it matched the GPT-criteria (Moser & Nicholas, 2004) . Some looked at the macro-economic effects and impressively described Electrification and Information Technology (IT) (Jovanovic & Rousseau, 2005) .
And others observed the historic relation with the first Industrial Revolution (Dudley, 2010) .
Generally speaking, up to recently the economist looked at the GPT-concept in relation to economic growth (Carlaw & Lipsey, 2011) and productivity (Majumdar, Carare, & Chang, 2010) . It resulted in a range of macro-economic views on a high level of aggregation, but with a limited understanding of the basic elements GPT-concept: "This leaves a gap in our understanding of the micro-foundations of GPTs." (Moser & Nicholas, 2004, p. 388) .
That gap in the understanding is related to the technology aspect of the General Purpose
Technology: the GPT being described by its characteristics: like its pervasiveness, improvement (aka technological dynamism) and spawning (aka innovational complementaries). It was Lipsey et al., describing (radical) (Lipsey et al., 1998, pp. 21, 32) . Except some early examining chemical engineering as a GPT (Rosenberg, 1998) and efforts to identify Nano-technology as a GPT (Youtie, Iacopetta, & Graham, 2008) , or to classify Information & Communications Technology (ICT) as a GPT (Basu & Fernald, 2007) , the technology aspect of the GPT concept-to the extent of our knowledge-has not been fundamentally addressed. Therefore, complementing the economic views by focusing on the technology aspect could help enhancing that understanding, especially at the level of the micro-foundations of a GPT. Or as
Richard Lipsey formulated it: "What is needed to identify a technology as a GPT is to locate a technology identifiable as a single generic product, process or organizational form over its whole
evolution, such as the computer or steam engine, and then collect evidence that it fulfills the condition that we have identified in our definition." (Lipsey, Carlaw, & Bekar, 2005, pp. 109-110) In this paper we will try and explore those micro-foundations and focus on the 'technology' element in the GPT-concept. We will try to identify what constitutes the technological core-elements of the GPT-concept in two Parts. In the first Part we will start with a theoretical frame work. After exploring the Innovation-concept, we will describe the Life-cycle concept, followed by an exploration of the GPT-concept itself. We will conclude this part with the methodology framework we used for our analysis. In the second Part we will present our analysis. We outline the invention of the steam engine, the invention of the electromotive engine and the invention of the electric light. We choose for these subjects because they seem to dominate early innovation-thinking. In our cases, we look at the power processing technologies -seen in a broad sense -that resulted each in a separate Industrial Revolution (talking about impact!) Our contribution should be considered as a first step to create a more fundamental insight in the micro-foundations of the GPT-concept. This is just a beginning, it certainly has to be expanded into other technologies like the communication and information processing technologies of our time, before we can begin to create GPT-theories.
Theoretical framework
To get a feeling for the theoretical framework we look at the work of Innovation scholars-those scholars who work in the Domain of Innovation Research. Many have in common that they observe 'change and novelty' created by technology having impact in economy and on society. Obviously each scholar is having its own point of reference, perspective and unit of analysis. They create their views, theories and models based on their specific observations. To illustrate our viewpoint, we will shortly describe the different concepts we used.
Innovation Concept
The topic 'invention/innovation' is en voque already for a century; among many historians, evolutionary economists, sociologists, and managerial gurus. One of them was the economist Joseph Alois Schumpeter (1883 Schumpeter ( -1950 [...] no economically relevant effect at all." (Joseph A. Schumpeter, 1939, p. 80) 
. His contemporary Abbott
Payson Usher (1883 Usher ( -1965 -using the words 'discovery' and 'invention' 'interchangeably -saw it, after analyzing mechanical innovations over time, as the cumulative synthesis. "Invention finds its distinctive feature in the constructive assimilation of preexisting elements into new syntheses, new patterns, or new configurations of behavior." (Usher, 1929, p. 11) . The new combination was the result of the 'act of skill' and the 'act of insight' (Figure 1 ): "Practically, we characterize as an invention only some concept or device that represents a substantial synthesis of old knowledge with new acts of insight." (Usher, 1955, p. 530 ). Schumpeter's definition reflects the combination-concept in invention-thinking at the beginning of the twentieth century up to the 1950s.
Much has been changed in the meanwhile. In 1988 we found 76 distinct definitions (Kooij, 2013a) , anno 2014, we found more than 240 different definitions of the notion of innovation in scholarly literature on innovation. Definitions that were mainly originating from the second half of the (Mansfield, 1968, p. 99); "[...] the practical implementation of an invention". (Wilson, 1968, p. 16) ; "Thus, innovation will be defined to refer to an invention which has reached market introduction [...] ." (J.M. Utterback, 1971, p. 77) ; "The process by which an invention or idea is translated into the economy." (Twiss, 1980, p. 6) . A conceptual approach still found until recently: "Invention is the first occurrence of an idea for a new product or process. Innovation is the first commercialization of the idea". (Fagerberg, 2004, p. 3) . Other definitions were 'relative change'-related: "An innovation is the adoption of a change which is new to the organization and to the relevant environment." (Knight, 1967, p. 478 (Myers & Marquis, 1969) . Also a type of definition still found recently: "I define innovation as a process through which new ideas, objects, and practices are created, developed or reinvented, and which are new for the unit of adoption." (Walker, 2008, p. 592) .
These are just some of the many approaches and, to make a long story short, other definitions are related to commercialization, (successful) market introduction, its characteristics (incremental, radical) or its impact (routine innovation, disruptive innovation). Within all the heterogeneity the innovation scholars seem to agree on the fact that (an) innovation is the (human induced) action creating specific change that has novelty. The use of a prefix would then identify wherein the change took places: e.g. product innovation, organizational innovation, process innovation. As we have explored this heterogeneity elsewhere (Kooij, 1988 (Kooij, , 2013b we would like to suffice with defining innovation for the moment in the spirit of Schumpeter: Innovation is the new combination that creates new products, markets, organizations and production methods.
In some of the scholarly views on innovation one can note the reference to a specific kind of innovation, identified with the word basic innovation. Take our preceptor Jaap van Duijn who defined it as: "In many instances the industry life cycle can be associated with a basic innovation, that is to say, an innovation, which gave rise to fundamentally new products and production processes." (Duijn, 1977, p. 554) . Later in time other scholars spoke about 'radical' innovation: "Radical innovations are fundamental changes that represent revolutionary changes in technology. They represent clear departures from existing practice." (Dewar & Dutton, 1986 , p. 1422 . And in more recent times the economic impact was recognized as it was defined as: "We define radical innovation as the ability for an organization to commercialize products and technologies that have a) high impact on the markets in terms of offering whole new benefits, and b) high impact on the firm in terms of their ability to spawn whole new business lines." (O'Connor, 2006, p. 4) . These quotes illustrate the heterogeneity also existing in interpreting the phenomenon of a basic/radical innovation. They tend to agree that for basic innovation the degree of 'change and novelty' seems to be more important, be of a more fundamental (technical) nature and having a higher (economic) impact. It is the technological and economical 'impact' that distinguishes a basic innovation. Therefore, for the purpose of our analysis, we define a basic innovation as: A basic innovation is an innovation with economic, societal and/or technical impact due to its potency to improve into a technical trajectory and spawn into new technological trajectories. Its existence can be identified by patents -and their litigation -and/or by the successful introduction into the marketplace.
Dominant Design Concept
Interesting in relation to the basic innovation is the concept of the Dominant Design (Anderson & Tushman, 1990) . This concept refers to a technology cycle in which, after a period of ferment, a specific design of a product becomes dominant (Figure 2 ). In the 'Era of ferment' many innovations take place and contribute to the overall development of the technology. At a specific moment one of those 'designs' gains a dominant position due to its acceptance in the marketplace, technological superiority and/or economic characteristics. Whatever the case, the design has 'impact'. This (then dominant) design -being recognized as the basic innovation -is then followed by the 'Era of Incremental change'. A period with many incremental innovations that improve on the dominant (Joseph A. Schumpeter & Opie, 1934, p. 223) . He did not specify their differences. However, the dominant-design concept refines the 'cluster of innovation' concept by qualifying the innovations in a technology cycle. Its gives the dominant design as 'basic' innovation a place in the cluster, identifies the innovations leading up to the dominant design, and explains the incremental innovations that were an improvement on the dominant design.
Life-cycle Concept
'Change and novelty' is related to economic cycles of growth, boom, recession and depression. As one can observe daily in the real world, both in the past (e.g. the Great Depression: 1929 Depression: -1939 Schumpeter & Opie, 1934, pp. 227-230) . For Schumpeter it was the entrepreneur that realized the innovation and, as imitators soon followed in the entrepreneurial act, they created the business cycles that are nested within the economic waves.
Other scholars related the appearance of innovations to certain periods of the economic cycles. (Low, 1984, p. 356 (Mensch, 1979, p. 135) . His depression-trigger concept was widely debated (Clark, Freeman, & Soete, 1981; Kleinknecht, 1981) .
What these views have in common is the relation of the economic cycle and the appearance of innovations: "The basic notion in all these theories is the same. Innovations are important drivers of economic growth and of economic cycles." (de Groot & Franses, 2005, p. 6 [...] ." (Modelski, 2001, p. 76) . Also the concept of the industrial life cycle was related to the basic innovation: "In many instances the industry life cycle can be associated with a basic innovation, that is to say, an innovation, which gave rise to fundamentally new products and production processes." (Duijn, 1977, p. 554) . The analysis of the industry life cycle that resulted from a range of divers basic innovations in both consumer, industrial and military sectors by Michael Gort and Steven Keppler (Gort & Klepper, 1982) , supported that notion. Despite all these effort, the construct of the basic innovation stayed ill defined.
Where all this does leads us? As noted before, basic innovations (the dominant designs with their economic impact) are being exploited by entrepreneurial activity to create business. Other entrepreneurs follow creating business activities and circumventing, imitating, copying, or taking licenses of the dominant design. One could say, to paraphrase Schumpeter, a 'swarm of businesses' would be the consequences of a 'swarm of innovations', as entrepreneurs start to economically exploit the innovation. It is the entrepreneurial activity that is linking '(product) innovation' and 'business creation'. And its aggregate is linking 'clusters of innovations' with 'clusters of businesses' (Figure 3) . Businesses with economic activities that result in corporate innovation: new spin-offs. Or completely new companies created for exploiting innovations, thus creating new businesses (e.g. lamp-manufacturing, cable manufacturing, electric equipment manufacturing), and creating new industries replacing earlier industries (e.g. electric lamp industry replacing gas lamp industry).
Economic dynamics caused by innovations collected in a 'cluster of innovations' which we will define as: "A collection of innovations within a specific technology that precedes, parallels and follows (i.e.
'surrounds') a basic innovation."
What can be concluded from these views is the apparent relation between the dominant design creating the (basic) innovation on one hand, and the cyclic behavior of businesses and thus of economies on the other hand. The basic innovation is seen as to be the driving force behind that cyclic economic behavior.
To understand the mechanism we have to look more in detail at that cyclic behavior as it takes place at different levels:
Micro-level: Basically at the micro-level, given that products are realized by companies using a specific technology, it is a dynamic situation we look at. It regards the life cycle of the organization, its products and its technical infrastructure, knowhow and facilities: the product life cycle, the company life cycle. Inventive and entrepreneurial activities do influence product and organization. It all is about change and novelty, life and death, the survival of the fittest (Sahal, 1980, p. 998) . He also concluded on the reciprocal aspect: " [...] the relationship between long waves of economic development and fundamental innovations is of a reciprocal nature. Long waves are a cause of characteristic innovations as well as a consequence of generic innovations. Thus, the process of economic evolution is a determinant of the process of technological evolution as much the process of technological evolution is a determinant of the process of economic evolution. The economic evolution reflects, as much as molds, the technological evolution." (Sahal, 1983, pp. 231-232 ).
Figure 5: Clusters of Innovation as the nucleus of economic cycles
From the dynamics at the micro-level (with its technology dominated cluster of innovations, the dominant design of the basic innovation, and the resulting product life cycles) we see resulting dynamics on the meso-level (with the technology life cycles, business cycles) and the dynamics at the macro-level (with the economic cycles). Dynamics which origin is based on innovations that are appearing in a cluster around a basic innovation-as the result of inventive activity by many individuals-as illustrated in Figure 5 . It all starts with the "cluster of innovations".
GPT-concept
Innovations, basic innovations, clusters of innovations, clusters of business and economic cycles (business cycles, industry cycles) are related through technology. Technology with its own development trajectory and innovations streams, spawning into other, related, trajectories.
Technology creating 'technology cycles'. The central element in that 'being related' is the technology. (Mokyr, 2005 (Mokyr, , p. 1122 Basically the GPT-construct is about meta-technology and its effect on economic growth "…that occasionally transform a society's entire set of economic, social, and political structure,…" (Lipsey et al., 2005, p. 3). Its roots can be found in a range of views on (technical) invention and (technical) innovation. On the one hand it originates in the before mentioned views that technical change initiated discontinuities in equilibria (Joseph A Schumpeter & Fels, 1939; Joseph A. Schumpeter & Opie, 1934) , and that basic innovations were closely related to economic cycles (Duijn, 1983; Mensch, 1979) . On the other hand it is related to evolutionary views: like the scholarly views about the techno-economic paradigm (Anderson & Tushman, 1990; Dosi, 1982 ; James M. Utterback & Suárez, 1993) , technological discontinuities and technical lifecycles (Tushman & Anderson, 1986; Tushman et al., 1997) and technological revolutions (Freeman, 1991; Perez, 2004 Perez, , 2010 . The evolutionary theories related 'Technological Revolutions' to a shift in the techno-economic paradigm (Dosi, 1982) .
In the late 1980s Herbert Simon observed the development of the technological revolutions caused by the Steam engine and the Computer (Simon, 1987) . It was the work of Paul David that hinted at the 'general purpose engines'; the Computer and the Dynamo (David, 1989) . He compared the 'Age of Electricity' with its electrification of society and the 'Age of Computing' with the computerization of society. For him, it were these engines -the steam engine, dynamo and computer -that were the driving force of the revolutionary changes: the shift in the technoeconomic paradigms. What all these evolutionary views have in common is that they see 'technology' as a cyclic driving force over in economic development, with 'breakthrough innovations' creating discontinuities resulting in changes into new 'technological trajectories' and thus creating a 'technological revolution' (Figure 4 ).
Although originally struggling to find its contours (Lipsey et al., 1998) , essentially the GPT-concept tries to explain the major changes that took place in societies (i.e. 'coherent groups of people') and economies (i.e. 'system of producing and trading goods and services') where a dominant technology (i.e. 'knowing how to make things') results in creating considerable novelty (i.e. 'things that were not there before') and new knowledge (i.e. 'acquired understanding') having a major impact on society (i.e. a technology induced 'revolution'). Thus, the GPT-concept is about meta-technologies (e.g. steam technology, electric technology, communication technology, information technology). At the foundations of the GPT-concept we find the technology-construct. And technology is both knowledge (the 'cumulated know-how') and skills (the 'cumulated learned abilities') carried, executed and implemented by people that initiate, create and facilitate innovation. Such as the Steam technology:
'Knowing how to use steam (as a carrier of energy) to make things' and the Electrical technology:
'Knowing how to use electricity (as a carrier of energy) to make things'. These two meta-technologies (i.e. 'collections of technologies with a similar subject') resulted in the artifacts steam engine and the electro-motive engine: the electromotor/dynamo. It were these 'General Purpose Engines' (GPE) that had, due to their general usability in a broad range of applications, a considerable technical, economic and societal impact. As the GPE is the result of a 'cluster of innovations', creating 'clusters of businesses', these clusters are the link between technological cycles and economic cycles ( Figure 4 and Figure 5 ). That is why in so many scholarly contributions to the concept of GPT's, the examples given are the engines themselves: " [...] (Bresnahan & Trajtenberg, 1995, p. 763) . Using these examples Bresnahan and Trajtenberg considered the whole technology being an 'engine of growth' (Bresnahan & Trajtenberg, 1995) . We like to refine that idea by assuming that the 'general purpose engine' (in these two examples used as a carrier of energy and creator of rotative motion) as a result of a specific cluster of innovations, could be the nucleus of the GPT-concept.
The current concept of the General Purpose Technology focusses on the specific characteristics of meta-technologies. The technological dynamism is the core of the GPT that are generally characterized by their pervasiveness (their pervading use over a wide range of economic and technical sectors), technological Improvement capabilities (the continuous improvement in its own application sector or technical trajectory) and their technological spawning capabilities (the creative spawning of product and process innovation in new application sectors and creating new, parallel, technological trajectories) (Jovanovic & Rousseau, 2005) . These characteristics are the properties of the 'general purpose engine' themselves. Both the steam engine and the electric motor, having the product function of 'creating energetic continuous rotary motion', are examples. They were continuously improved on, and spawned into a multitude of new application areas as 'rotative power' is used for quite some general purposes. This leads us to -narrowly -define a General
Purpose Technology "as the collection of 'general purpose engines' appearing in a range of interrelated clusters of innovations.". A definition that can be explained by its effects "In its totality it is a meta-technology that is a discontinuity disrupting the economic equilibrium and social order, pervasively creating new technical artifacts as the result of its spawning and improvement potency."

Methodology framework
Given the preceding 'theoretical tour d'horizon' for the Innovation-concept, the Life cycle-concept and the GPT-concept, we will now zoom in on our analysis. The first element of our methodology is the 'Cluster of Innovations'-concept. The second element is the 'type of contributions', the third element the 'innovation-identifier' and the fourth element the case-study-method we applied.
Clusters of innovation
A conclusion that could be drawn from the preceding is the importance of the 'cluster of innovation' concept as referred to by so many scholars. Given the fact that there exist clusters of innovations, it is obvious that not all innovations in a cluster are equal.
Preceding and contributing innovations:
There is the technical development trajectory where (partial to the system) inventive activities lead to the moment when the dominant design of a basic innovation appears. This trajectory consists of the preceding and contributing innovations -the stepwise changes in (part of) the function of the relevant system in the Era of Fermentthat will result in the basic innovation. These contributing innovations include the efforts by scientist and engineers to create artifacts, the efforts of inventor/entrepreneurs who created earlier (product) innovations, and the contributions from other technological developments.
Maybe the preceding innovations have not been succeeding in the market place due to technical or commercial failure, but they have been contributing to its technical development one way or the other.
Basic innovation:
Then there is the basic innovation that is the Dominant Design that had impact (in the market, in society) and that created the technological trajectory for further developments.
Derived and improving innovations:
Finally there are those identifiable derived innovations that resulted from the basic innovation. In a technical trajectory of incremental changes in the function of the system that is improved, adapted it to other environments, included it into other systems (or tried to circumvent the patented solution (Geroski & Walters, 1995, p. 917) . Others mentioned incremental innovations related to new products that were the result of adaptation, refinement, and enhancement of existing products and/or production and delivery systems: "We define incremental products as product line extensions or modifications of existing products." (Ali, 1994, p. 48) Thus we define the concept for the cluster of innovations as a structure of 1) a basic innovation with 2) the contributing innovations and 3) the derived innovations ( Figure 6 ). As these latter are by definition different from basic innovations, the contributing and derived innovations represent smaller changes. This leads to the definition that an innovation cluster (resp. a cluster of innovations)
is a collection of interrelated innovations incrementally contributing to, and deriving from, a basic innovation.
Types of Contributions
A further distinction can be made in those contributing innovations as they relate to activity that draws upon formal knowledge and previous experience to create solutions for (societal) needs.
Science contributions:
There is formal knowledge being the result of scientific work (the upper arrow in Figure 6 ). " [...] progress in general scientific knowledge yields a widening pool of potential technological paradigms." (Dosi, 1988 (Dosi, , p. 1136 . Work resulting in the discoveries of new and useful knowledge about products and processes as the result of 'research'.
Depending on the moment in history this 'research' grew form the informal inventor active in his 'workshop/model room', to the later in time appearing formal organized 'research laboratories'.
Contributions from previous systems:
The earlier developments of artifacts and systems also contribute to the culmination of experience (the middle arrow in Figure 6 ). This is the knowledge base innovators use looking for innovative solutions: "an important part of the knowledge base consists of tacit knowledge about the performance of previous generations of machines, their typical conditions of use, the productive requirements of the users, and so on." (Dosi, 1988 (Dosi, , p. 1126 .
Technology/Market contributions:
Realizing that innovation is about finding the solution to a perceived or latent user problem (that is: a 'need'), it involves activity that is accumulated tacit knowledge of knowing 'how to make things' (that is: 'technology'). It is technology and market that define the boundaries for innovation: " [...] (Dosi, 1988 (Dosi, , p. 1125 . The market thereby is representing the need. The question which of the two factors is dominant, resulted in the widely discussed 'technology push' and 'market pull' (the lower arrow in Figure 6 ). This leads us to the distinction of the input-dimension of the cluster model at hand: science, previous systems and technology & market (Figure 6 ). The resulting model we used for our analysis of the case studies.
Innovation identifiers
Having defined our concepts and explained our methodology, the last thing to do relates to the identification of the innovations. Identifying innovations is not that complicated as we have already a tool for that: the patent system. Realizing that using patents as indicators has its specific considerations (Kleinknecht, Van Montfort, & Brouwer, 2002) , and that not all innovations are patented, it is a given fact that all patents are -by definition -related to innovations: "The grant is issued to the inventor of this device or process after an examination that focuses on both the novelty of the claimed item and its potential utility." (Griliches, 1998, p. 288 ). As we only want to identify the existence of the innovation, the patent is usable for the presence of an innovation, as an 'innovation indicator'. This use of patents as indicator is often illustrated, for example for the innovations in steam technology (Sullivan, 1990, p. 355) , (Nuvolari & Tartari, 2011, p. 16 ) and electric technology When qualifying innovations in order to identify the basic innovation, more is needed than just identification by patents. Here we have to look at the (economic/technical) impact of the innovation.
Economic impact resulting in business creation, fierce competition between companies, shake-out, mergers and acquisitions within industries. And technical impact in terms of product performance, cost performance, influencing further developments. Both impacts in a dynamic situation that, among other factors, often can be indicated by the patent litigation/infringement -that sometimes are escalating in 'patent wars' -related to the specific innovation. When those patent litigations were not identifiable in the 'fog of history' we looked at the literature and depended on the judgments of others. As we were not interested in the complicated 'who is the first to invent'-discussions, this seemed appropriate to do.
Case study-method
We choose the research method of a case study to create a basis for our analysis. As our aim is to clarify the technology-part of the GPT-model, the case study method offers room for 'context 2 and content'. The context being the 'real life context': the scientific, social, economic and political environment in which the observed phenomena occurred. The content also being the technical, social, economic and human details of those phenomena. Here 3 our basic research question was "What is a GPT?" refined into "What is the technology-part of a GPT?." On the basis of our theoretical framework we speculated that the 'cluster of innovation'-concept would be interesting to explore. This is not without precedence as so many prominent innovation scholars refer to its existence. Therefore our unit of analysis is the 'basic innovation' within the context of the preceding and derived innovations. We choose for an embedded multiple case design. Multiple in the sense that we focused on the meta-technologies of 'steam technology' and 'electric technology'. A choice supported by so many innovation scholars who referred to these meta-technologies (for example in relation to the Industrial Revolutions). Embedded as we looked simultaneously at the scientific aspects, the technical aspects, the economic aspects and the social and human aspects. Our data originate from literature (see References in the case studies) creating multiple sources that are quoted extensively. The analysis is multi-level, that is to say that we look at the micro-level of the individual people (inventors, entrepreneurs), at the meso-level of the firms that were created and their survival of the fittest, and the (macro-)effects that are noticeable in society. It is also multidimensional as we considered economic, political, social and technical aspects. Finally we combine quantitative evidence (actual patents) and qualitative evidence (business bonanza, booming markets). Our perspective was the identification of patterns that are related to the cluster-concept.
4 (Rowley, 2002) .
The case study on the steam technology was a test case to see if our cluster-model (Figure 6) worked. Despite the obvious problems with phenomena so far back in time, we felt comfortable enough with the result (Figure 12 , presented firstly in the next part of this paper), to continue with the case study of the 'electro-motive engine'. The electric-powered engine being an equivalent to the steam-powered engine. Surprisingly we identified that the obvious relation between the availability of electricity and the use of electricity, could be related to the nearly simultaneous developments of the electric dynamo and the electric light. Therefore we explored this development in the case study of 'electric light'. Being more recent in time, patents being more accessible, these two cases could be well supported with actual data.
One has to realize that the GPT-concept is still 'under development' and we aim to contribute. As we did not find comparable studies to this analysis, we feel comfortable to cite Kathleen Eisenhardt: (Eisenhardt, 1989, p. 548) 
"In sum, building theory from case study research is most appropriate in the early stages of research on a topic or to provide freshness in perspective to an al-ready researched topic."
Case studies
Based on the theoretical framework we created the operational model for our interpretation, and applied it in the following case-studies: the case studies of the Invention of the steam engine, the
Invention of the electromotive engine, and the Invention of the electric light.
Let's have a look at the real developments as they happened to be.
The invention of the steam engine
In the following we will describe the 'invention' of the steam engine as a test case for the concepts we developed (B.J.G. van der Kooij, 2015b) . Historic folklore wants us to believe that it was James Watt who invented the steam machine, having his 'eureka'-moment walking one beautiful day on the meadows of Glasgow. The reality is different. The 'invention of the steam engine' is Table 1 ) as a starting point we identified three clusters of innovations: one cluster around the Newcomen engine, one cluster around the Watt engine and one cluster around the Trevithick engine. Clusters with basic innovations identifiable by their patents (Table 1 ).
The events we are going to describe have to be seen in the contexts of their time: eighteenth century England and Europe. Not only socially a dynamic period (with its own madness of times), economically flourishing (mercantilism, colonialism, imperialism), but also the scientific context was relevant (Figure 8 ). After the discoveries made by the Experimental Scientists (e.g. Torricelli, Pascal, von Guernicke, Boyle, Huygens, von Leibnitz), gradually more insight was obtained in the phenomena of hydraulics, air pressure and steam. Theories created by the Theoretical Scientists ranged from the 'Phlogiston theory', still based on the four elements water, fire, earth and air, to the 'fluid theories' figure) shows the period of protection for the specific basic innovations.
For some scholars it was the long-active Watt 1769-patent that inhibited progress till Trevithick could develop his engine after the patent expired.
As the 'steam technology' is -in retrospect -considered to be the driving force behind the (first) Industrial Revolution, and in that aspect can considered to be a General Purpose Technology, Figure 
The invention of the electromotive engine
Next we went on to the case study on the GPT-Electricity (B.J.G. van der Kooij, 2015a) . 'Electricity' being a too broad description, we narrowed it down to 'electro-motive engines'. This to create a similar framework as that of the steam engine. Hence, the case-study started as 'the invention of the electro-motive engines': the electromotor and the electric dynamo. But it became much more than that when we observed the innovations of the early electric lights.
In the following we will describe the 'invention' (in its broad meaning, from discovery to innovation) of the electromotive engine. Again, it is not one invention, but a massive collection of innovations. Contrary to the historic folklore of the steam engine, the development of the electromotive engine does not mention too many heroes. It is more in the application of electricity that heroes like Thomas Edison, Samuel Morse and Alexander Graham Bell appear. Men known for their innovator-entrepreneurship. As far as patents are concerned, in Table 2 are shown the patents we identified as being relevant to three clusters of innovations: around the DC-motor, the electric dynamo and the AC-motor.
To place the developments in context we analyzed the contributions of early scientists who studied the phenomenon of the 'nature of lightning' (see Figure 13 ). It were the early 'electro physicists' like Hauksbee, van Musschenbroeck, Franklin, Priestly and Galvani that studied the phenomenon of electricity. They observed static electricity, animal electricity and chemical Together the experimental engineers and theoretical scientists created the foundations for the development we analyzed to be appearing in clusters of innovations: Second cluster: the dynamo (Figure 15 ). With the invention of the magneto-electric dynamo -also called the 'dry cell' -electrical energy became available in abundance. The electric motor is based on the quality that electricity, using magnetism, can create rotary movement. But there exists the reciprocal situation, in which rotary movement, using magnetism, can create electricity, This was soon discovered (Lenz and others) and a new device was born: the magneto-electric engine. Using a steam engine or waterwheel as prime mover supplying the rotative power, the engine produced electricity in two 'flavors': Alternating Current (AC) and Direct Current (DC).
Many engineering scientists experimented with this concept (e.g. Jedik, Pixii, and others) creating machines that could produce electricity in abundance. But always using a steam engine, or waterwheel, as primary source of energy. As noted before, the electro motive engine powered by electrochemical batteries (by nature DC)
was not successful. That changed when the DC-dynamos created an abundance of electricity. In the second half of the nineteenth century, when the electric lamp had fueled the development of an urban and municipal infrastructure of electricity supply (through the new and fast emerging 'electric utility industry'), the DC-electromotor became popular. For example: in individual transportation where the horse-powered streetcars were replaced by electrical powered streetcars (e.g. 1887:
Richmond Union Passenger Railway), and it was used in elevators of the high-rise construction in New York (Sprague and others). Or in machine applications were small DC-motors would power a lathe, a sewing machine, a fan and a dentist drill (e.g. Diehl, Wheeler and others). But the DC-motor had its limitations (sparking, starting torque) and was hindered by a basic DC-problem: the limited areas DC supply-networks could service. Thus DC-electricity was only powering densely populated areas (e.g. the First District in New York).
Two breakthroughs were needed, one of them being the development of a self-starting, simple and reliable electric motor. The other being a distribution network in which electricity could be supplied over larger areas and be generated at the source of the primary mover (e.g. the Niagara Falls). The solution to both problems was the poly-phase Alternating Current (AC) of higher voltage than DC. After scientists had understood the inner workings of AC-electricity and electromagnetic Gaulard-Gibbs, Zipernowsky and others) and the AC-network concept (e.g. Wenstrom and others).
Then Tesla and Dobrovosky created in 1888-1889 a completely different electromotive engine, the induction motor, using the rotating electromagnetic field created by the poly-phase AC (both 2-phase and 3-phase AC). The resulting machine was simple, robust, powerful and self-starting.
Third cluster: the AC-motor the washing machines, the frigidaire) to industrial applications (i.e. pump, fans blowers, tools and machines). The two-phase system did not gain momentum. 
The invention of electric light
The abundance of electricity resulted in several developments. One of them being the development of the DC-motor that was picked up again (Sprague, Crocker, and others). It changed public transportation from horse-powered carriage to electric trams. It made high-rise buildings more accessible with electric powered elevators. DC-motors were used to power appliances (ventilation fans, washing machine, etc.) and machines (lathes, etc.) . This would become known as the Era of Power. But an even larger new field of application was found in electric lighting: first the electric arc light soon followed by the incandescent lamp (B.J.G. van der Kooij, 2015) Fist cluster: the arc light ( Figure 18 ). The early experiments of Vaslii Petrov and Humphry Davy creating the arc-light with large battery systems, created a bright light between two carbon rods. As the two rods were positioned 'in line' their points facing each other, and they would be close enough together, the arc would start and emit a bright white light. The carbon rods being too far away from each other, the arc would extinguish. During its (short) lifetime it rapidly consumed the carbon rods, increasing the gap. So it was important to control the distance. The early artifacts created to control the distance between the carbon rods were not only with street lights, but soon into restaurants, factories, theaters. But -because their nature in which they were to be placed in serial circuits -arc lights still were unable to penetrate in the homeand office environment as they could hardly be switched on individually and at will.
Second Cluster: the incandescent light (Figure 19) . Another effort to cross the 'voltaic gap' was by bridging it with a filament (basically a thin wire of precious metal). Just like burning wood glowing in the fireplace it gave a comfortable light. In the mid-nineteenth century scientists and experimenters (DelaRue, Groove, Farmer, and others) created the first artifacts. They were short-lived as the filament burned quickly in the air. As the dynamo made electricity easily available, the filament-concept was followed by many in their development efforts (Starr, Woodward, Sawyer, Swan and others). Developments that took place in the US and in Europe As said before, the self-exciting AC dynamo created the breakthrough for the development of electric light. All those early developments that were hindered by the limitations of the wet cell, now gave place to an abundance of new developments in electric light in the 1870s. Both the arc light and the incandescent light, using the dynamo as a power supply, followed their own development trajectory. But due to its versatility, light quality and economics, the incandescent lamp became The development of both the arc-light and the incandescent light (Figure 22) illustrates the mutual influence of the availability of electricity (resulting from the basic innovation of the magnetelectric dynamo) and the consumption of electricity (resulting from the basic inventions of the arclight and the incandescent light). When the wet cell ceased to be the sole source of electricity, and electric dynamo's supplied an abundance of electricity in the late 1860s, the new technology exploded into new applications. Among which the electric light.
Results
Our research identified five clusters of innovations related to 'electricity'. Firstly the three clusters of the DC-motor, the Dynamo and the AC-motor related to the electro-motive engines (Figure 17 ).
The cluster of DC-motor being expanded over quite some time, the cluster of the AC polyphase being quite compact. This due to the fact that the chemical battery was replaced in the 1860s by the dynamo. Each of these developments followed its own technical trajectory with incremental improvements. Next, the innovation clusters of the arc lamp ( Figure 18 ) and the incandescent lamp 
Conclusions
This paper attempts to enhance the concept of the General Purpose Technology (GPT) by focusing on the technology-part. Trying to find an answer to the question of 'what is a GPT?' and studying the development of steam-technology and electric-technology we reached the following conclusions:
In the first place our analysis clarifies that the 'general purposes engines' (GPE), like the steam engine the electromotive engine, and the light engines, are the core of these GPT's. The technology-part of the GPT, mostly being a technological development over long period of time, is dominated by the development of these 'general purpose engines' (and later also the Fourthly, the development after the basic innovation that is to be found in its trajectories. That is:
improving the innovation in technical, manufacturing and economic terms within its own technical trajectory. But it also spawning into unrelated application areas having a dramatic economic and social effect in new trajectories. Like the GPT-Electricity with its general purpose engine the AC-motor that spawned into application areas like household appliances (i.e. washing machines), the DC-motor that spawned into transportation (i.e. tramways). Or the general purpose engine of the electric dynamo that made electric lighting possible. All with their specific business impact (i.e. the incandescent lamp manufacturers, the electric utility companies) and societal impact (on living and working conditions).
Fifthly, it is the maturing of the basic innovation leading to technical improvements by a range of incremental innovations that creates a technical trajectory. And, added to that, it is the potency of the basic innovation to spawn into new application areas, that are creating new technological trajectories. Trajectories that have themselves a high technical content and that create new clusters of innovations. Thus spawning into the more economic dimension of applications. Therefore, at least two output-dimensions of the Cluster of Innovations-concept can be defined: technical improvement and technological spawning.
Sixthly, the identified 'clusters of innovations' are closely related to the 'clusters of business'. And these clusters of business create, due to their individual cyclic nature of the businesses themselves, the "Business cycles" that are contributing to the 'economic cycles'. It supports Schumpeter's observation that "[...] the business cycle is a direct consequence of the appearance of innovations." (Joseph A. Schumpeter & Opie, 1934, pp. 227-230) . This supports the paradigm of Schumpeterian growth.
Returning to our original question of "What is a 'general purpose technology?", and more in detail "What is the technology-part of a GPT?", we find provisional evidence that the micro-foundations of a General Purpose Technology could be found in the 'clusters of innovations' around a basic innovation, creating those 'general purpose engines'. Hidden in plain sight, were those steam engines, electro-motive engines and light engines that were so potent and pervasive in their application. Therefore, following the evolutionary approach in the tradition of Schumpeter's view on 'swarms of innovation' and 'business cycles', we contribute to the GPT-concept the micro-foundation of the General Purpose Engine. These engines, already hinted at by Paul David, relate to the same basic phenomenon of steam technology and electric technology: they are technologies that use steam or electricity as the carrier of energy to create motive power and light, both basic needs in society. It are these clusters of innovations that create their own technical trajectories, and are also spawning into unrelated, new technological trajectories with their own specific clusters of innovations. Therefore, the 'general purpose engine' seems to be the core of these GPT's, representing the micro-foundations Richard Lipsey was looking for (Lipsey et al., 2005, pp. 109-110) . Given this outcome, this provisional conclusion clearly need further study. For example into the other areas where the 'communication engines ' (telegraph, telephone) 5 and 'computing engines'
(from mainframe computer to personal computer) 6 created other GPT's. Maybe they even could lead us to a construct with which new GPTs can be identified.
